In the course of other experiments, we serendipitously observed that extracellular nicotinamide adenine dinucleotide (NAD ϩ ) ameliorated the development of epithelial hyperpermeability when monolayers of Caco-2 enterocyte-like cells were incubated with cytomix, a mixture containing interferon-␥, interleukin-1␤, and tumor necrosis factor-␣. We sought to characterize the effects of NAD ϩ on inflammation-induced epithelial barrier dysfunction using Caco-2 monolayers that were exposed to cytomix in the absence or presence of NAD ϩ or other purine-containing molecules. Paracellular barrier function measured as the apical-to-basolateral passage of fluorescein isothiocyanate-conjugated dextran (mol. wt. ϳ4000) was preserved in a concentration-dependent manner when immunostimulated Caco-2 cells were exposed to extracellular NAD ϩ . Incubation with NAD ϩ prevented cytomix-induced derangements in the expression and localization of the tight junction proteins occludin and zonula occludens-1 in Caco-2 cells. Treatment of cytomix-stimulated cells with NAD ϩ also blocked nuclear factor-B (NF-B) activation, inducible nitric-oxide synthase induction, and increased production of nitric oxide (NO⅐). Ileal mucosal permeability to fluorescein isothiocyanate-dextran mol. wt. ϳ4000 was increased in mice 18 h after lipopolysaccharide (endotoxin) injection, but treatment of endotoxemic mice with NAD ϩ ameliorated the development of gut mucosal hyperpermeability. Thus, extracellular NAD ϩ seems to ameliorate inflammation-induced intestinal epithelial barrier dysfunction by inhibiting NF-B activation and increased NO⅐ production.
NAD
ϩ . Incubation with NAD ϩ prevented cytomix-induced derangements in the expression and localization of the tight junction proteins occludin and zonula occludens-1 in Caco-2 cells. Treatment of cytomix-stimulated cells with NAD ϩ also blocked nuclear factor-B (NF-B) activation, inducible nitric-oxide synthase induction, and increased production of nitric oxide (NO⅐). Ileal mucosal permeability to fluorescein isothiocyanate-dextran mol. wt. ϳ4000 was increased in mice 18 h after lipopolysaccharide (endotoxin) injection, but treatment of endotoxemic mice with NAD ϩ ameliorated the development of gut mucosal hyperpermeability. Thus, extracellular NAD ϩ seems to ameliorate inflammation-induced intestinal epithelial barrier dysfunction by inhibiting NF-B activation and increased NO⅐ production.
A necessary function of the intestinal epithelium is the establishment of a selective barrier to allow the absorption of nutrients while restricting the uptake of toxic substances and microbes from the gut lumen. A major component of this epithelial barrier is the tight junction (TJ), a circumferential protein complex located at the apical/basolateral junction of opposing cells. The transmembrane proteins occludin and the claudin family are important TJ components that are thought to make homotypic contacts with proteins in the plasma membrane of the opposing cells (Tsukita et al., 2001) . The TJ complex is believed to be the point of cell-cell contact that presents the major barrier to paracellular transport (Anderson and Van Itallie, 1995) .
Intestinal epithelial barrier function is compromised in a variety of inflammatory conditions, including inflammatory bowel disease, cholestasis, hemorrhagic shock, and sepsis (Unno and Fink, 1998) . Many mechanisms, including activation of myosin light chain kinase and excessive NO⅐ synthesis, have been proposed to explain the increase in paracellular permeability of intestinal epithelia after exposure to an inflammatory environment (Zolotarevsky et al., 2002; Han et al., 2003a) . NO⅐ interferes with the expression and subcellular localization of key TJ proteins, including occludin and claudin-1, and peripheral membrane components of TJs, including zonula occludens (ZO)-1, ZO-2, and ZO-3 (Han et al., 2003a) .
During experiments designed to explore the biological effects of decreased intracellular NAD ϩ content in immunostimulated human Caco-2 enterocyte-like cells (Khan et al., 2002) , we serendipitously observed that adding NAD ϩ to the culture medium ameliorated derangements in epithelial barrier function caused by exposing these cells to a mixture of proinflammatory cytokines, called "cytomix". This observation prompted us to review a growing literature regarding the role of NAD ϩ and closely related compounds as signaling molecules. Several recent studies have shown that certain cell types secrete NAD ϩ Romanello et mouse anti-ZO-1 mAb (BD Biosciences, Franklin Lakes, NJ) and a rabbit anti-occludin polyclonal antibody diluted 1:100. The secondary antibodies were 5 g/ml fluorescein isothiocyanate-conjugated affinity-purified donkey anti-mouse IgG and 15 g/ml tetramethylrhodamine B isothiocyanate-conjugated affinity-purified goat antirabbit IgG (Jackson Immunoresearch Laboratories). Measurement of NO⅐ Production and iNOS Gene Expression. NO⅐ production was measured, and reverse transcription-polymerase chain reaction for iNOS mRNA and 18S RNA were performed as described previously . Relative expression of iNOS is reported after normalizing for 18S loading in Fig. 4B .
Electrophoretic Mobility Shift Assay. Nuclear extracts were prepared and analyzed as described previously (Delude et al., 1994) . However, 38.3 l of 10% NP-40 was used, the nuclei were isolated by centrifugation at 310g for 3 min, and nuclei were resuspended in 80 l of buffer II (20 mM Tris-HC1, pH 7.8, 5 mM MgCl, 320 mM KCl, 0.2 mM EGTA, 0.5 mM dithiothreitol).
Statistical Analysis. Results are presented as means Ϯ S.E.M. Data were analyzed using analysis of variance. p values Ͻ 0.05 were considered significant.
Results

Extracellular NAD
؉ Preserves Intestinal Epithelial Barrier Function. Caco-2 monolayers growing on permeable supports were left untreated or exposed to cytomix (1000 U/ml interferon-␥, 10 ng/ml tumor necrosis factor-␣, and 1 ng/ml interleukin-1␤) for 24 or 48 h in the absence or presence of graded concentrations of NAD ϩ or adenosine. Paracellular permeability was determined by measuring the apical-to-basolateral flux of FD4. Epithelial permeability was unaffected when monolayers were incubated with NAD ϩ alone. Exposing Caco-2 cells to cytomix increased the clearance of FD4 across the monolayers (Fig. 1A) . Addition of NAD ϩ ameliorated cytomix-induced epithelial hyperpermeability in a concentration-dependent manner. The protection afforded by 10 and 100 M NAD ϩ was statistically significant. NAD ϩ is structurally related to a nucleoside, adenosine, that is known to exert anti-inflammatory effects by binding to certain purinergic receptors (Sajjadi et al., 1996) ; accordingly, we considered the possibility that activation of a receptor for adenosine was responsible for the amelioration of cytokine-induced hyperpermeability by NAD ϩ . To investigate this idea, we exposed Caco-2 monolayers to cytomix in the absence or presence of 1 to 100 M adenosine (A in Fig.  1A ). Adenosine had no effect on the induction of hyperpermeability by cytomix, suggesting that NAD ϩ was not simply an adenosine mimetic.
We next sought to determine whether treatment with NAD ϩ preserves intestinal mucosal barrier function in vivo. Mice were injected i.p. with LPS (n ϭ 11; 17 mg/kg) suspended in PBS (1 ml) or a similar volume of the PBS vehicle alone (n ϭ 6). Ileal segments were harvested 18 h later, and an ex vivo everted gut sac technique was used to measure mucosal permeability to FD4. Some mice that were injected with LPS were also treated with two 132-mg/kg doses of NAD ϩ (n ϭ 5). Other mice were injected with similar volumes of the PBS vehicle (n ϭ 6). As expected (Sappington et al., 2003) , injecting mice with LPS caused a significant increase in mucosal permeability to FD4 (Fig. 1B) . Treatment with two doses of NAD ϩ significantly ameliorated the increase in mucosal permeability induced by LPS in mice.
؉ Ameliorates Derangements in TJ Protein Expression and Cellular Localization Caused by Cytomix. Proinflammatory cytokines are known to alter the expression and localization of several TJ proteins in cultured intestinal epithelial cells, including occludin, claudin-1, and ZO-1 (Youakim and Ahdieh, 1999; Han et al., 2003a) . We tested whether NAD ϩ preserves the expression and targeting of TJ proteins in cells that were exposed to cytomix. Caco-2 cells were grown in the absence or presence of cytomix or NAD ϩ and NP-40-insoluble protein complexes were isolated after 48 h. The insoluble complexes, which represent insoluble cytoskeletal proteins and associated TJ proteins (Sakakibara et al., 1997) , were solubilized with SDS and subjected to immunoprecipitation followed by immunoblotting with anti-occludin or anti-ZO-1 antibodies. Exposure to cytomix for 48 h markedly decreased the amounts of occludin and ZO-1 present in TJs ( Fig. 2A ). When cells were simultaneously incubated with cytomix and 10 or 100 M NAD ϩ , nearly normal levels of these proteins were preserved in NP-40-insoluble complexes.
To again exclude the possibility that NAD ϩ was acting as an adenosine mimetic, we prepared NP-40-insoluble extracts from Caco-2 cells that were untreated or exposed to cytomix for 48 h in the absence or presence of 10 M adenosine. Adenosine failed to prevent the decrease in NP-40-insoluble occludin or ZO-1 in Caco-2 cells exposed to cytomix (Fig. 2B) .
Fig. 1. Effect of extracellular NAD
ϩ on the permeability of Caco-2 enterocytic monolayers and mouse ileal mucosa. (A) Caco-2 cells were incubated for 24 or 48 h under control conditions or with graded concentrations (micromolar) of either NAD ϩ (N) or adenosine (A). Fresh NAD ϩ was added to the wells after 24 h. CON indicates untreated monolayers and CYM indicates cytomix was added (n ϭ 6 -12/condition). (B) Mice were injected at t ϭ 0 h with PBS or LPS. Mice receiving LPS also received two injections of either PBS or NAD ϩ (132 mg/kg) dissolved in PBS. Ileal segments were harvested at t ϭ 18 h and permeability to FD4 measured. ‫,ء‬ p Ͻ 0.05 versus control; ‫,ءء‬ p Ͻ 0.01.
Fig. 2. Effect of extracellular NAD
ϩ on the presence of ZO-1 and occludin in TJ complexes of Caco-2 cells. (A) Cells were either left untreated (CON) or exposed to cytomix (CYM) in the absence or presence of 10 (N10) or 100 (N100) M NAD ϩ for 48 h. NP-40-insoluble protein was subjected to immunoprecipitation and Western blot analysis with an anti-ZO-1 or anti-occludin polyclonal antibody. (B) Caco-2 cells were exposed to cytomix (CYM) in the presence or absence of 10 M adenosine (ADN). (C) Caco-2 cells were exposed to cytomix in the presence or absence of the indicated concentrations (M) of cADPR. Western blots were repeated at least three times with reproducible results. 
Anti-Inflammatory Activity of NAD
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In other systems, the signaling effects of NAD ϩ are dependent on its conversion to cyclic ADP-ribose (cADPR) (Deaglio et al., 2001; Okamoto and Takasawa, 2002) . Therefore, we evaluated the effects of extracellular cADPR on cytomixinduced alterations in occludin expression. Coincubating cells with 10 or 100 M cADPR preserved expression of occludin in Caco-2 cells exposed to cytomix (Fig. 2C) . Remarkably, these concentrations of cADPR increased the expression of occludin to greater than baseline levels in immunostimulated Caco-2 cells. This effect of cADPR was specific for the cyclic nucleoside, because similar concentrations of (noncyclic) ADP-ribose failed to preserve occludin expression in immunostimulated Caco-2 cells (data not shown).
Immunofluorescence microscopy was used to assess the structure of TJs in Caco-2 cells grown on Transwells. The cells were either left untreated ( Fig. 3; CON) or exposed to cytomix for 48 h in the absence (C48) or presence (N10) of extracellular NAD ϩ (10 M added at 0 and 24 h). The cells were permeabilized, fixed, and stained using fluorescein isothiocyanate-and tetramethylrhodamine B isothiocyanateconjugated antibodies directed against ZO-1 and occludin, respectively. In control confluent Caco-2 monolayers, these proteins both were predominantly localized to regions near cell-cell boundaries. Staining was even and continuous. After treatment with cytomix, dispersed lesions occurred throughout the monolayer, in which immunostaining for ZO-1 at cell boundaries became faint, diffuse, and discontinuous. Exposure to cytomix also was associated with "ruffling" of ZO-1 and occludin immunostaining. Monolayers that were exposed to cytomix in the presence of 10 M NAD ϩ showed continuous staining of ZO-1 and occludin at cell-cell boundaries. However, some ruffling of the staining pattern was still evident.
Extracellular NAD ؉ Decreases iNOS Expression in Immunostimulated Caco-2 Cells. Changes in epithelial permeability caused by exposure to proinflammatory cytokines are due, at least in part, to excessive production of NO⅐ (Unno et al., 1995; Han et al., 2003a) . Accordingly, we sought to determine whether NAD ϩ decreased the production of NO⅐ (as assessed by measuring NO 2 Ϫ and NO 3 Ϫ in culture supernatants) by Caco-2 cells exposed to cytomix. As expected, cytomix increased the production of NO⅐, but this effect was inhibited in a concentration-dependent manner by the addition of extracellular NAD ϩ (Fig. 4A) . Maximal inhibition was observed using 100 M NAD ϩ ; inhibition was decreased when NAD ϩ was increased to 1000 M. Cytomix increased expression of iNOS mRNA (Fig. 4B) , and NAD ϩ blocked this effect. Again, there was a biphasic response to NAD ϩ treatment; 10 M provided maximal inhibition and higher doses inhibited less well.
Extracellular NAD ؉ Inhibits the Activation of NF-B in Immunostimulated Caco-2 Cells. iNOS induction is dependent, in part, on activation of the transcription factor NF-B. Therefore, we tested the ability of NAD ϩ to inhibit DNA binding by NF-B in Caco-2 cells exposed to cytomix. Treatment of immunostimulated cells with 1 M NAD ϩ had no effect on cytomix-induced NF-B activation, but coincubation of cells with 10 or 100 M NAD ϩ clearly decreased Fig. 3 . Effect of NAD ϩ on ZO-1 (green) and occludin (red) localization in Caco-2 cells exposed to cytomix. Caco-2 cells were either left untreated (CON) or exposed to cytomix for 48 h (C48). Some cells were exposed to cytomix for 48 h and treated at 0 and 24 h with10 M NAD ϩ (N10). Distribution and colocalization of ZO-1 (green) and occludin (red) was disrupted, and this was blocked by NAD ϩ . Magnification, 1000ϫ in the left three columns. The images in the far right column show detail of the merged images that were increased to approximately 2000ϫ using Adobe Photoshop. Scale bar, 10 m. (Fig. 4C) in nuclear extracts. NAD ϩ alone had no effect on the nuclear levels of NF-B.
Discussion
NAD
ϩ is a ubiquitous cellular constituent that is used by cells as an electron acceptor (or, in its reduced form, NADH, as an electron donor) in a variety of enzyme-catalyzed redox reactions. Accumulating data suggest that NAD ϩ also functions as a signaling molecule. Certain cell types secrete NAD ϩ Romanello et al., 2001) . Increased production of NO⅐ and iNOS expression caused by cytomix was inhibited in a concentration-dependent manner by the addition of extracellular NAD ϩ . (C). Nuclear extracts were prepared from the cells 4 h after exposure to the agents (cytomix and NAD ϩ ), and these extracts were used in an electrophoretic mobility shift assay using the murine NF-B site from the light chain promoter. All figures are representative of four different experiments. Romanello et al., 2001) . cADPR can enter cells through either a CD38-dependent (Franco et al., 1998) or a CD38 -independent mechanism ). The resulting increase in intracellular cADPR concentration activates ryanodine-sensitive calcium channels on endoplasmic reticulum membranes, causing the release of intracellular calcium stores to the cytoplasm (for review, see Higashida et al., 2001) .
Anti-Inflammatory Activity of NAD
Herein, we showed that extracellular NAD ϩ preserves intestinal epithelial barrier function when enterocyte-like Caco-2 cells are exposed to an inflammatory milieu. NAD ϩ modulated the decreased expression and localization of the TJ proteins ZO-1 and occludin in immunostimulated Caco-2 cells. The salutary effects of NAD ϩ on TJ protein expression probably explain the ability of the compound to ameliorate cytomix-induced hyperpermeability. Treatment with NAD ϩ decreased the nuclear translocation of NF-B, prevented accumulation of iNOS mRNA, and decreased the production of NO⅐ in cytomix-stimulated Caco-2 cells. Interestingly, the concentration-response relationship for NAD ϩ was biphasic; increasing NAD ϩ concentrations up to 100 M increased the protection afforded by the compound, but 1 mM NAD ϩ was less effective than 100 M. Although we can only speculate about the basis for this complex dose-response relationship, it is worth noting that 5 mM NAD ϩ induces apoptosis in osteoblasts (Romanello et al., 2001 ). Another possible explanation for this effect could be that 1 mM NAD ϩ inhibits extracellular NADase activity, resulting in decreased production of the second messenger cADPR (Balducci and Micossi, 2002) . Another observation worth noting is that 10 M NAD ϩ afforded maximal protection against decreased TJ protein expression and iNOS expression, and the 100 M NAD ϩ was the most effective dose for preventing NO⅐ production and decreased barrier function. Additional experiments will be necessary to better elucidate the dose-response relationships for the various pharmacological effects of extracellular NAD ϩ . Together, our results suggest that NAD ϩ acts as an anti-inflammatory agent in cell culture, decreasing the responses of Caco-2 cells to exogenous proinflammatory cytokines. The biological relevance of these in vitro observations is emphasized by our results from in vivo studies, wherein we documented that NAD ϩ can act as a pharmacological agent to ameliorate alterations in gut barrier function induced by injecting mice with LPS.
When Caco-2 cells were exposed to NAD ϩ alone, we observed an increase in the expression of ZO-1 and occludin compared with control cells (Fig. 2A) . We hypothesize that NAD ϩ treatment of resting cells may decrease the basal production of NO⅐. We have previously shown that pharmacological inhibition or genetic ablation of iNOS causes increased expression of ZO-1 and occludin in ileum (Han et al., 2003b) and liver (Xiaonan Han, Mitchell P. Fink, and Russell L. Delude, unpublished observations) of mice. Together, these results suggest that basal NO⅐ production decreases TJ proteins in epithelial cells.
The ecto-NADases CD38 and CD157 cyclize extracellular NAD ϩ to form cADPR and nicotinamide (Deaglio et al., 2001; Okamoto and Takasawa, 2002) . Both proteins are expressed by a variety of cells and may exist in soluble form in the plasma of normal humans (Deaglio et al., 2001) . Whether cleavage and cyclization of NAD ϩ is necessary for its antiinflammatory effects in Caco-2 cells in vitro or endotoxemic mice is unknown. This notion seems plausible, however, because we observed that extracellular cADPR, but not ADPR, preserved the expression of occludin in immunostimulated Caco-2 cells. This observation suggests, but does not prove, that extracellular NAD ϩ acts via the formation of cADPR as a second messenger.
Intracellular and extracellular NAD ϩ and/or cADPR may be important in regulating intracellular calcium concentration, [Ca 2ϩ ] i , in a variety of cells (Takasawa et al., 1993a; Beers et al., 1995; Guse et al., 1995; Bruzzone et al., 2001; Romanello et al., 2001) . For example, cADPR-dependent changes in [Ca 2ϩ ] i may be important for regulating insulin release from pancreatic ␤-cells in response to alterations in exogenous glucose concentration (Hedeskov, 1980) . Glucose increases the intracellular concentration of ATP in ␤-cells. ATP, in turn, inhibits the activity of an enzyme, cADPRglycohydrolase, that converts cADPR to ADPR (Takasawa et al., 1993b; Kato et al., 1995; Tohgo et al., 1997) . Thus, according to this model, elevated glucose concentration increases intracellular cADPR concentration, leading to activation of ryanodine channels allowing the mobilization of calcium from intracellular stores. Interestingly, diabetogenic substances (e.g., streptozotocin and alloxan) are known to damage DNA, which promotes activation of the enzyme poly-(ADP ribose) polymerase (PARP). Because PARP consumes NAD ϩ as a substrate for poly-ADP-ribosylation, activation of PARP depletes cells of NAD ϩ (Takasawa et al., 1993a) . Depletion of NAD ϩ , the precursor of cADPR, inhibits signaling via this pathway. Interestingly, we have reported that cytomix induces intracellular NAD ϩ depletion through an NO⅐-dependent process in Caco-2 cells (Khan et al., 2002) . Whether cytomix-induced intracellular NAD ϩ depletion affects intracellular cADPR levels and [Ca 2ϩ ] i in Caco-2 cells remains to be investigated.
Human osteoblast-like HOBIT cells differentiate into an osteoclast-like phenotype after exposure to extracellular NAD ϩ (Romanello et al., 2001) . HOBIT cells express CD38 ADP-ribosyl cyclase activity, and NAD ϩ treatment increases [Ca 2ϩ ] i , presumably after conversion to cADPR. Resting HO-BIT cells release NAD ϩ into the culture medium, especially after mechanical perturbation. Because mechanical stimulation is an important factor driving osteoblast differentiation (Duncan and Turner, 1995) , mechanical activation of NAD ϩ release by osteoblasts may be an important paracrine signal driving differentiation of these cells (Romanello et al., 2001 ).
An important question that is not addressed by our current studies or other publications concerns the availability of extracellular NAD ϩ for signaling in vivo. Normal circulating levels of NAD ϩ are 250 Ϯ 30 and 140 Ϯ 10 nM in humans and mice, respectively (Kim et al., 1993) . Thus, the normal circulating level of NAD ϩ is substantially less than the concentration required to preserve barrier function in immunostimulated Caco-2 monolayers. Thus, the effects of NAD ϩ reported here could be exclusively pharmacological. Alternatively, high local concentrations of NAD ϩ could occur in vivo when the compound is released by cells in response to normal or pathological events. It is known, for example, that fibroblasts secrete NAD ϩ , and fibroblasts are intimately associated with the basal side of the intestinal epithelial sheet (Parker et al., 1974) .
In conclusion, NAD ϩ is capable of ameliorating structural and functional changes in intestinal epithelial cells induced by a proinflammatory milieu. Although NAD ϩ per se is unlikely to be useful as a pharmacological agent, the potent anti-inflammatory effects of this ubiquitous endogenous molecule suggest the existence of a receptor on the surface of enterocytes that could serve as a useful drug target, leading to the development of novel agents for the treatment of inflammatory conditions that affect gut epithelial function. Furthermore, our studies provide strong support for continued research into the function of NAD ϩ and, possibly, NAD ϩ -derived cADPR in the function of intestinal epithelial cells during normal and pathological conditions.
